The genetic structure In Atlantic Islands and continental populations of Drosophila subobscura has been studied using autosomal and sex-linked allozymes and mltochondrial DNA (mtDNA) haplotypes. From the data it Is deduced that whereas the Canary Islands have long been isolated, the neighboring island of Madeira has been subjected to continuous migration from the mainland. In addition, sex-linked allozymes and mtDNA data show a large divergence between the geologically younger western Islands of the Canarian Archipelago and the older central ones, finding strong founder effects In the former. Divergence rates of sex-linked and mltochondrlal genes relative to autosomlc loci several times higher than expected under neutrality have been explained by differential migration between sexes. The Canarian Archipelago colonization fits in well with a stepping-stone model of a directional east-west migration that parallels the geological origin of these Islands.
Drosophila subobscura is a Paleartlc member of the obscura subgroup with a wide geographical distribution in the Old World from Finland to Morocco and from Western Asia to the Atlantic archipelagos of the Canaries, Madeira, and the Azores. From the information gathered on this species, the high degree of differentiation of the Canary Islands population stands out. At the chromosomal level, Prevosti (1971 Prevosti ( , 1974 observed that the polymorphism in these islands is different from that in adjacent continental areas, suggesting a long isolation and an ancient polymorphism for them. Enzymatic studies revealed a Canarian population with large genetic distances from other southwestern range populations, including those from the nearby archipelagos of Madeira and the Azores ). More recently analyses of molecular variation on mitochondrial DNA (mtDNA) (Afonso et al. 1990 ) and in genomic sequences that include the rp49 gene (ribosomal protein 49) Aguade 1990, 1991 ) also corroborated that the Canarian population has long been isolated from the mainland. Of the above, studies only used samples from one Canarian population, Ralces, assuming that all the archipelago populations are identical; however, the different ages of each island make this assumption doubtful. In fact, some published results at chromosomal (Prevosti 1971) and enzymatic (Cabrera et al. 1980 ) levels have found some heterogeneity among populations.
In the present article we analyze autosomal, sex-linked, and maternal inherited traits in samples of the different islands of the Canarian Archipelago and other nearby geographically related insular and continental populations to determine the influence that founder effects, migration, and selection have had on the different trait distributions. In addition, we have tried to correlate the possible colonization sequence of the Canary Islands with their geological history.
Material and Methods

Samples
Samples from the following 12 populations have been analyzed: La Gomera, Gran Canaria, El Hierro, La Palma, and Tenerife (Canary Islands); Poiso and Ribeiro (Madeira); Agadir, Asni, and Marrakech (Morocco); Barcelona and Escorial (Spain). The two samples from Madeira were pooled for allozyme data and the three samples from Morocco were pooled for the mtDNA restriction analyses.
Mean sample sizes for enzymatic loci were 71 ± 14 and for mtDNA restriction analyses were 36 ± 4. The locations of the samples are shown in Figure 1 .
Chromosomal Analysis
For chromosomal analysis, previous published data for the following populations Cabrera et al. (1980) and Larruga et al. (1983) .
Mltocbondrlal DNA Analysis
Mitochondria] DNA was extracted as in Larruga et al. (1993) . Enzymatic digestion by restriction enzymes, electrophoresis, mapping, and nomenclature is as described by Afonso et al. (1990) . Eleven restriction enzymes were used in the present study. Two of them (Haein and HpaW) recognize 4 bp sequences. The other nine (BamHI, £coRI, EcoRV, HindlU, Psft, PvuU, Sad, Xbal, and XhoY) recognize 6 bp sequences.
Statistical Analysis
The genetic structure of the populations was inferred for chromosomal and enzymatic data by Wright's F^ statistics (Wright 1978 ) using the BIOSYS-1 package (Swofford and Selander 1981) and for mtDNA data by the A^ of Lynch and Crease (1990) using the HAPLO program written by the same authors. The DISPAN program (version 1.1; Ota 1993) was used to estimate, for chromosomal and enzymatic data, the standard genetic distances between populations (Nei 1972) and to construct UPGMA trees (Sneath and Sokal 1973) with bootstrap tests (Felsenstein 1985) . For mtDNA data the average number of nucleotide substitutions per site within (p) and between populations (d) (Nei and Miller 1990 ) and the UPGMA tree was obtained using the RESTSITE program (version 1.2; Miller 1991) . Standard errors of branching points of the UPGMA tree were calculated following the method of Nei et al. (1985) .
Geographical patterns of genetic variation in the studied populations were examined by the general correlation method of Mantel (Sokal 1979 ) using option 7 of the GENEPOP program (version 1.2; Raymond and Rousset 1995) in order to test different modes of dispersal among islands as in Finston and Peck (1995) .
•Population letters correspond to letters In Figure 1 .
Results
Chromosomal Population Structure
From the inversion polymorphism data a matrix of standard Nei (1972) distances was calculated (Table 1) and from this a UPGMA dendogram showing the chromosomal relatedness among populations was constructed ( Figure 2a ). As previously commented (Prevosti 1974) , insular populations from the Canaries and the nearby island of Madeira cluster first and are well differentiated from continental European and North African populations, though some chromosomal orders as A^j and Aj + 3 + 5 +7 are only shared among some Canarian and Moroccan samples (Prevosti 1974; Cabrera et al. 1983; Padr6n 1986) .
On average, 88% of the total variance of rearrangement frequencies between populations (>> = 0.254) was due to genetic differences among geographic regions.
There is a significant positive correlation between geographical and chromosomal distances for all the studied populations when the Mantel test is applied (r = +.589; P = .00), but this does not hold when only the Canarian populations are analyzed (r = -.012; P = .48). 
Enzymatic Population Structure
Although the mean number of alleles per locus and the mean heterozygosities for the 15 polymorphic enzymatic loci studied are very similar in all populations (Table  2) , particular alleles and allele frequencies of six loci clearly differentiate populations. The most common allele for Amy, Est-8, and Pep-1 in the Canaries is not the same as in the other sampled populations, which is in accordance with previous studies of this area . Furthermore the Canarian populations do not behave as a homogeneous cluster for sexual loci. Two islands, Ell Hierro and La Palma, shared some exclusive alleles as G-6-pdh" and have the most common allele for Dia-4 and 6-Pgdh different from those of the rest of the Canarian samples and from any of the studied populations. Genetic distances between populations for autosomal and sex-linked loci are shown In Table 3 . UPGMA dendograms relating populations for each set of data are depicted in Figure 2b ,c. The most outstanding difference between both trees is the great differentiation of El Hierro and La Palma from all the populations for sexlinked loci, while for autosomal loci they closely cluster with the other Canarian samples, this cluster being significantly different from the rest of the insular and continental populations.
The different level of enzymatic differentiation for sex-linked and autosomal loci is also reflected by using the F^ statistic. A partition of the total variance among populations for sex-linked (22%) and for autosomal (13%) loci into differences within and among areas are 19% and 3% for the former, but 3% and 10% for the latter. This difference is mainly due (92%) to the commented heterogeneity among the Canary Island samples.
Although less significant than with chromosomal data there is also a positive correlation between geographic and enzymatic distances (r = +.340; P = .04) for all the populations studied. Furthermore, for these traits a significant positive correlation also exists for the Canarian populations when only autosomal loci are analyzed (r = + .836;/'= .02).
Mitochondria] DNA Population Structure
As in previous studies (Afonso et al. 1990 ) of the 11 restriction enzymes used in this work only ATJOI did not cut the mtDNA molecule in any of the strains studied here, three (BamHl, PvuW and Xbal) produced the same pattern in all populations, Mean number of alleles per locus and mean heterozygosltles for the 15 loci studied at the bottom.
• Population letters correspond to letters In Figure 1 . * Madeira pooled data. and the rest were polymorphic in some of them. The restriction patterns found, following the Afonso et al. (1990) nomenclature, are shown in Figure 3 . A total of 29 composite haplotypes have been detected (Table 4) , 7 of which (numbers from 27 to 33) were not found previously (Afonso et al. 1990; . Excluding the Tenerife sample, 14 haplotypes have been detected for the rest of the Canarlan populations with 13 In all the other populations studied. Since the sample number for these two subsets is similar, this result reinforces the high polymorphism attributed to the Canary Islands based on the study of only one population (Raices; Afonso et al. 1990 ). Furthermore, the number of endemic haplotypes found in the Canaries (16) is twice that of those observed in the rest of the studied areas (8). Also, a great heterogeneity in the frequency distribution of the haplotypes in the Canarian Archipelago is detected. Two islands, La Gomera and Gran Canaria, have the most frequent haplotype (two, similar to Tenerife and different from the rest of the populations studied as was previously reported, but the other two islands, El Hierro and La Palma, share their most common haplotype (three) with the continental and Madeira Island populations.
The mtDNA variability within populations has been measured by using the IT statistic (Nei and U 1979) . Results on the diagonal of Table 5 show that whereas three of the Canarian populations (La Gomera, Gran Canaria, and Tenerife) have the highest levels of nucleotide diversity of all populations, the other two (El Hierro and La Palma) show the lowest ones. The total nucleotide diversity (-ny) for the mtDNA of this species is 0.0083, the same value (0.0081) obtained from a different set of populations by Afonso et al. (1990) . The estimates of mtDNA divergence (8) between populations are shown in Table 5 and a dendogram relating populations is presented in Figure 2d . The only significant branching is between two clusters, one grouping La Gomera, Gran Canaria, and Tenerife, and the other grouping the rest of the populations including El Hierro and La Palma.
When the A^ statistic is applied, an important level of the total differentiation among populations (60%) is detected. The distribution of this heterogeneity within (34%) and among (26%) geographic areas resembles the population structure obtained with sex-linked loci. Again, most of the value (87.6%) of this differentiation is due to the Canary Islands samples.
In contrast with previous traits, there is a lack of correlation between geographical and mtDNA genetic distances either for all the samples (r = -.126; P = .28) or for the Canarian populations (r = +.139; P = .27).
Discussion
Different results have been obtained with the different markers used In this study. At the chromosomal level, the similarity between the Canarian and Madeira Islands and the difference with continental populations was explained supposing that isolated populations maintain primitive features in their chromosomal polymorphism due to the nonrecurrence of rearrangements, isolation, and the difficulty of establishing in one population the gene arrangements originated in another area because of a lack of coadaptation with the gene pool of the recipient population (Prevosti et al. 1975 ). This well-differentiated chromosomal population structure between islands and mainland is in contrast with the similarity found in allozyme types and frequencies between Madeira and the continental populations studied here and (Nel 1972 ) between popnlatioiu estimated for autosomlc loci (above the diagonal) and sez-llnked loci (below the diagonal) previously , and resembles the same enzymatic similarity, in spite of chromosomal differentiation, found by Charlesworth et al. (1979) Saura et al. 1973) , except those associated with closely linked gene arrangements Loukas et al. 1979; Zouros et al. 1974 ). This discrepancy could be explained under the following assumptions: (1) gene arrangements have an adaptive role; (2) there is allozymic polymorphism within inversions due to recurrent gene mutation; (3) there is transfer of genetic information between gene arrangements due to recombination and/or gene conversion; and (4) enough gene flow exists to keep the allelic similarity among populations. There are clues that support all these requirements. About the adaptive role of the chromosomal inversion polymorphism are the repetition in the recently colonized New World, of the clines that this species shows In the Old World (Prevosti et al. 1988) , and the effect that inversions have on patterns of chromosomal puffing activity (Latorre et al. 1988 ).
There is direct evidence in this species of genetic transfer between different chromosomal gene arrangements, either by double crossover or gene conversion in the rp49 region (Rozas and Aguade 1994) . Important levels of gene flow are not only evident by the already noted allozymic homogeneity but are reinforced by the fact that continental populations show relatively little heterogeneity for mtDNA polymorphism (Afonso et al. 1990; Larruga et al. 1993; Latorre et al. 1992) , despite the fact that this marker, owing to its clonal and maternal inheritance, is more sensitive to detect founder effects and population subdivision. It is the high similarity of the Madeira populations at enzymatic and mtDNA levels with the continental ones, in spite of their chromosomal differences, that strongly supports that migration from the mainland has played an important role in its genetic structure.
A completely different situation holds for the Canary Islands. It is clear that this is an old population, long isolated from the mainland as has been repeatedly demonstrated by previous studies at chromosomal (Prevostl 1971) , enzymatic (Cabrera et al. 1980; Larruga et al. 1983) , and molecular levels, including mtDNA (Afonso et al. 1990; Latorre et al. 1986 ) and nuclear single-copy genes (Rozas and Aguade 1991) . In addition, here we demonstrate that the Canarian populations are highly heterogeneous. This was not detected in previous chromosomic (Prevosti 1971) and autosomal enzymatic studies (Cabrera et al. 1980) because no important differences among islands exist for these markers as confirmed here (Figure 2a,b) . But when sex-linked loci and mtDNA polymorphism are taken into account, two islands (El Hierro and La Palma) diverge from the remaining three (Figure 2c,d ).
The fact that these two discrepant islands are the youngest geologically, with origins of 0.75 (Ancochea et al. 1994 ) and 1.6 million years (Fuster et al. 1993 ), respectively, whereas the central ones have origin estimates of up to 16 million years for Gran Canaria (Abdel-Monem et al. 1971) , 12 million years for La Gomera (Cantagrel et al. 1984) , and 11 million years for Tenerife (Ancochea et al. 1990 ), points to differences among islands due to more recent and strong founder events in El Hierro and La Palma.
That populations from central islands Figure 1 .
• Morocco pooled data.
are older is supported with mtDNA data by the abundance of endemic haplotypes (Table 4) and their levels of nucelotide diversity (Table 5) , which are the highest of the sampled populations including the continental ones. In contrast El Hierro and La Palma show a low number of endemic haplotypes and the lowest levels of nucleotide diversity (Tables 4 and 5 ). On the other hand, strong founder effects are also evident by the fact that the Canary Islands endemic but frequent haplotype 2 (Table  4) is absent in the sample of La Palma and is very rare in El Hierro. Furthermore, the cosmopolitan haplotype 13 was not found in these islands (Table 4) . Founder effects are also detectable with sex-linked allozymes since the most common allele for some loci (Dia-4 and Pgdti) in El Hierro and La Palma are different from all other populations. In addition, it seems that some direct migration between these two islands has taken place since they exclusively shared the rare allele G6pdh". It is expected that sex-linked loci and mltochondrial genes are about one-third and three-fourths more sensitive to founder effects than autosomal allozymes under the supposition of neutrality for these genetic markers and equal migration rates for both sexes. It is possible to have a relative divergence rate between pairs of traits in the Canary Islands using k values as proposed by Crease et al. (1990) . The rate of sex-linked and of mitochondrial to autosomal loci are k = 6.5 and k = 23.9, respectively. Both values, much higher than those expected under neutrality, could be explained by differences in migration between sexes, males having a greater mobility than females.
There are several hints favoring this explanation, if we assume that colonization of the new islands was mainly due to passive transport driven by the northwestsoutheast dominant winds. In studies of dispersal capacity of D. subobscuru it was detected that the wind had a stronger dragging effect on males than on females (Serra et al. 1987) . This is In agreement with less activity in females than in males (Inglesfield and Begon 1983) , with less-exposed habitat preferences for females (Cabrera et al. 1985) and with the field observation that females have a greater tendency than males to be trapped on the ground (Prevosti, personal communication).
Though significant correlation among allozymic and geographical distances exists for all the populations studied, and it is near to the significance for the Canarian Archipelago (r = +.564; P = .07), a step-ping-stone model with directional eastwest migration seems more appropriate to explain the successive colonization of the islands from an hypothetical African population. A Mantel test under this assumption effectively gives a stronger and now significant correlation (r = -.606; P = .03). In the same way, application of both models to the mtDNA data again shows higher correlation with the stepping-stone model (r = -.485; P = .09) than with the isolation by distance one (r = +.139; P = .27). In conclusion, in spite of the strong founder effects detected for the sexual loci and the mtDNA, the direction of colonization parallels the geological origin of the Canary Islands.
